
I 

The Ohio State University 

ENGINEERING CALCULATIONS FOR COMUNICATIONS 

SATELLITE SYSTENS PLANNING 

C. H. R e i l l y  
C. A. Lev is  

0. M. Ruyukdura 
C. A. Mount-Campbell 

The Ohio State University 

ElectroScience Laboratory 
Deportment of Electrical Engineering 

Columbus, Ohio 43212 

Technical Report 718688-1 
G r a n t  NAG3-159 
November 1986 

(NASA-CR-180106) ENGINEEKING CALCULATIONS N e  7- 1 6 1 S8 
FOR C C M B O N I C A I ~ C B ~  S A T E L L I T E  SYSIEBS 
E L A N N I E s ' G  Interita B e p G E t ,  15 J a n ,  - 11 Jul. 
1486 (Ohio S t a t e  UE~V.) 2 1  c CSCL 17B Unclas  

G3/32 43249 

National  Aeronautics and Space Admin i s t ra t i on  
Lewis Research Center 

21000 Brookpark Rd. 
C l  eve1 and, Ohi o 44135 



NOT ICES 

When Government drawings, spec i f ica t ions ,  o r  other data a re  
used f o r  any purpose other  than i n  connection w i t h  a def in i te ly  
re la ted Government procurement operation, the United States  
Government thereby incurs no responsi b i  1 i t y  nor any ob1 i gat1 on 
whatsoever, and the f a c t  t ha t  the Government may have formulated, 
furnished, o r  in any way supplied the sa id  drawings, specif icat ions,  
or  other  data ,  i s  not t o  be regarded by implication o r  otherwise a s  
i n  any manner licensing the holder o r  any other person o r  corporation, 
or  conveying any rights o r  permission t o  manufacture, use, o r  sell 
any patented invention tha t  may i n  any way be re la ted  thereto.  

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
1 
8 
1 
I 
1 
1 
I 
I 

E n g i n e e r i n g  C a l c u l a t i o n s  f o r  C o m m u n i c a t i o n s  
S a t e l l i t e  Sys tems  P l a n n i n g  

0272 -101 
REPORT DOCUMENTATION I 1. NO- 

3. Rwipient's Accession No. 2. 

S. 

PAGE I I I 
15. Ropo~l  Dale 1. Titlo ond Subtitle 

I. Author(s) 

C.H. R e i l l y ,  C.A. Lev is  O.M. Buyukdura, C.A. Mount-Campbell 
1. Portormiry O~anirot ion Nom. ond Addross 

The Ohio Sta te  U n i v e r s i t y  ElectroScience Laboratory 

Columbus Ohio 43212 
1320 Kinnear Road 

R ~ r t o r m i r y  ~ ~ a n t r o t i o n  Ropt. NO. 

718688-1 
10. Pmj.ct/Tash/Work Unit No. 

11. Controct(C) or CrontG) No 

(C) 

12. Sponsoriy Organization Namo and Addross 

National  Aeronautics and Space Admin is t ra t ion 
Lewis Research Center 
21000 Brookpark Rd., 

I (c) NAG3- 159 
1 1  Typo of R e m  L Pori4 Covorod 

I n t e r i m  Report 
15 Jan 1986/11 Jq lv  1986 
14. 

A. D i s t r i b u t i o n  i s  un l imi ted;  
approved f o r  pub1 i c re1 ease. 

IS. Ab~troct (Limit 200 words) 

' U n c l a s s i f i e d  20 
10. Suuri  Class Vhis Pogo) 22. Price 

UncTassi f ied 

I n  t h i s  repor t ,  we analyze observed s o l u t i o n  t imes f o r  t h e  extended grad ien t  and 
. y c l i c  coord inate search procedures. The t imes used i n  t h e  ana lys is  come from computer 
buns made dur ing  a prev ious ly- repor ted experiment conducted t o  assess t h e  q u a l i t y  o f  t h e  
,elutions t o  a BSS synthesis problem found by the  two search methods. The r e s u l t s  o f  a 
iecond experiment w i t h  an FSS t e s t  problem are a1 so presented . We summari ze computational 
-esul t s  f o r  m i  xed i n t e g e r  programming approaches fo r  s o l v i n g  FSS synthesis probl  ems . A 
I romising new h e u r i s t i c  a lgor i thm i s  described. We discuss a new synthes is  model f o r  
, r b i t a l  arc a1 lotment opt imizat ion.  Research plans f o r  t h e  near fu tu re  are a1 so presented. 

17. Oocummt Analysis a. D.rcrlptors 

Sate1 1 i t e  
F i  xed Service Assignment 
Orbi e I n t e r f e r e n c e  

F req u en cy 

b. ldont~flors/Ogon-Ended Torms 

k~ ANSI-239.18l k. Imtrutkns on Rueme OPTIONAL FORM 272 (4-7 
(Formerly NT1535) 
Dopmtmont of Commwca i 



TABLE OF CONTENTS 

LIST OF TABLES iii 

I. PURPOSE 1 

11. SOLUTION TIME ANALYSIS OF THE EXTENDED GRADIENT AND 
CYCLIC COORDINATE SEARCH ALGORITHMS 1 

111. ADDITIONAL EXPERIMENTATION WITH THE EXTENDED GRADIENT 
AND CYCLIC COORDINATE SEARCH ALGORITHMS 5 

IV. RESULTS FOR INTEGER PROGRAMMING SYNTHESIS YODELS AND THE 
RENDERS ' DECOMPOSITION APPROACH 9 

I V. A PERMUTATION ALGORITHM FOR SATELLITE SYNTHESIS 10 

VI. SYNTHESIS MODELS FOR ARC ALLOTMENT OPTIMIZATION 

VII. PLANS FOR THE NEXT INTERIM 

12 

14 

REFERENCES 15 

ii 



LIST OF TABLES 

Tab le  1 Factors  and Factor  Levels 

Tab le  2 Summary o f  S i g n i f i c a n t  E f f e c t s  

I 
iii 

6 

8 



I ,  PURPOSE 

I 

The purpose o f  t h i s  grant i s  t o  develop methods and procedures, 

i n c l  ud i  ng computer codes, for performi ng engi n e e r i  ng c a l  c u l  a t i  ons which 

w i l l  be usefu l  f o r  t h e  United States delegat ions t o  i n t e r n a t i o n a l  

a d m i n i s t r a t i v e  conferences concerning s a t e l l i t e  communications. Dur ing 

t h e  i n t e r i m  15 January 1986 t o  11 J u l y  1986, a t t e n t i o n  has been d i r e c t e d  

almost e x c l u s i v e l y  toward Fixed S a t e l l i t e  Service (FSS) issues s ince 

t h i s  serv ice  w i l l  be a major t o p i c  a t  t h e  World Admin is t ra t i ve  Radio 

Conference i n  1988 (WARC-88). 

11, SOLUTION TIHE AWMYSIS OF THE EXTENDED GRADIENT AND CYCLIC 
COORDINATE SEARCH ALGORITMIS 

I n  our l a s t  i n t e r i m  repor t  ' [9], we descr ibed an experiment 

conducted t o  determine which o f  two search techniques, an extended 

grad ien t  search (EGS) o r  a c y c l i c  coord inate search (CCS), performs 

b e t t e r  when sol  v i  ng sate1 1 i t e  synthesis problems formul a ted as nonl i near 

programs as suggested i n  C61. A complete p resenta t ion  o f  t h e  experiment 

can be found i n  a recent technica l  r e p o r t  c111. 

So f a r ,  our ana lys is  of t h e  search methods has d e a l t  almost 

e n t i r e l y  w i t h  the  q u a l i t y  o f  t h e  s o l u t i o n s  found by t h e  methods. 

However, we are a lso  in te res ted  i n  t h e  t ime requ i red  t o  o b t a i n  s o l u t i o n s  

w i t h  t h e  search algori thms. Here, we analyze t h e  s o l u t i o n  t imes 

observed f o r  t h e  64 computer runs made dur ing  our experiment. To 

s i m p l i f y  our analys is ,  we assume t h a t  a l l  serv ice  areas have t h e  same 

number o f  t e s t  p o i n t s  and that  a l l  s a t e l l i t e s  t ransmi t  s i g n a l s  on t h e  

same number o f  frequency channels. 

1 



We use the f o l l o w i n g  n o t a t i o n  f o r  our s o l u t i o n  t ime analys is :  

n = number o f  s a t e l l i t e s  

p = number o f  t e s t  po in ts  i n  a serv ice  area 

f = number o f  f requencies a t  which each s a t e l l i t e  t ransmi ts  
s i  gnal s 

t A  = t i m e  t o  perform an o f f - a x i s  angle c a l c u l a t i o n  

t I  = t i m e  t o  compute a s ing le -en t ry  c a r r i e r - t o - i n t e r f e r e n c e  
(C/I) r a t i o  a t  one t e s t  p o i n t  f o r  one intended channel 
and one i n t e r f e r i n g  channel 

t z ( n )  = t i m e  t o  evaluate the  o b j e c t i v e  f u n c t i o n  f o r  an 
n - s a t e l l i t e  problem. 

tG(n) = t i m e  t o  evaluate t h e  gradient  o f  t h e  o b j e c t i v e  func t ion  
f o r  an n - s a t e l l i t e  problem 

We begin our s o l u t i o n  t ime ana lys is  by consider ing t h e  worst-case 

performance of t h e  two algor i thms. I n  t h e  worst case, every i t e r a t i o n  

o f  t h e  EGS algorithm, as implemented by us, would i n v o l v e  13 10-point  

l i n e  searches. The t o t a l  t ime f o r  an m - i t e r a t i o n  run o f  t h e  EGS i s  

there fore  bounded above by: 

With our implementation o f  t h e  CCS, every c y c l e  ( i t e r a t i o n )  would 

i n v o l v e  5 searches o f  10 po in ts  f o r  each l o c a t i o n  v a r i a b l e  and each 

frequency var iab le i n  t h e  worst case. Hence, t h e  t o t a l  s o l u t i o n  t ime 

f o r  an m-cycle run o f  t h e  CCS i s  bounded above by: 

2 
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Upon examining (1) and ( 2 ) ,  we see t h a t  t h e  c o e f f i c i e n t s  o f  tI 

We can est imate t h e  dominate these worst-case t o t a l  t ime expressions . 
worst-case s o l u t i o n  t ime r a t i o  f o r  t h e  two methods us ing t h e  

c o e f f i c i e n t s  of tI which appear i n  (1) and (2) :  

Th is  r a t i o  i s  v a l i d  f o r  comparing an m - i t e r a t i o n  EGS run and an m-cycle 

CCS run. 

I n  a l l  o f  t h e  computer runs made so f a r ,  n e i t h e r  o f  t h e  search 

methods has e x h i b i t e d  worst-case behavior, a t  l e a s t  i n  terms of s o l u t i o n  

t ime. I n  t h e  CCS runs made i n  our experiment, a t o t a l  o f  876 l i n e  

searches were performed i n  381 cycles. I f  t h e  CCS had e x h i b i t e d  

cons is ten t  worst-case behavior, then 1905 l i n e  searches would have been 

conducted. 

percent o f  t h e  worst case. 

Hence, t h e  performance o f  t h e  CCS can be summarized as 46.0 

A t o t a l  o f  941 l i n e  searches were performed i n  438 i t e r a t i o n s  o f  

t h e  EGS. True worst-case performance would have invo lved 5694 l i n e  

searches. Therefore, the  observed behavior of t h e  EGS i s  16.5 percent 

o f  the  worst case. 

We can est imate t h e  so lu t ion  t ime r a t i o  fo r  an m-cycle CCS run and 

an m - i t e r a t i o n  EGS run as fo l lows: 

20 * 46.0% 

13 * 16.5% 
Estimated s o l u t i o n  t i m e  r a t i o  = ------------ = 4.3 

The actual  average s o l u t i o n  time r a t i o  was approximately 5.6. 
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The d i f f e rence  between the  est imated and ac tua l  s o l u t i o n  t ime 

r a t i o s  i s  due, a t  l e a s t  i n  par t ,  t o  t h e  f a c t  t h a t  we have considered 

on ly  the  c o e f f i c i e n t s  o f  t I  i n  our worst-case t o t a l  t ime expressions (1) 

and (2) .  Also, every serv ice  area d i d  not  have the  same number o f  t e s t  

po in ts ,  as we have assumed. 

We can conclude from our analys is  t h a t  i t  i s  no t  s u r p r i s i n g  t h a t  

t h e  CCS consumed more computation t ime than the  EGS i n  our experiment, 

g iven the  worst-case t o t a l  t ime expressions (1) and (2) .  It i s  

i n t e r e s t i n g  t o  note t h a t  each cyc le  o f  t he  CCS behaved more l i k e  a 

worst-case cycle than each i t e r a t i o n  o f  the  EGS did.  This  may be due t o  

t h e  f a c t  t h a t  the EGS i d e n t i f i e s  a promising search d i r e c t i o n  f o r  each 

l i n e  search, whi le  the  CCS b l i n d l y  searches i n  coord inate d i r e c t i o n s  

only .  The chance t h a t  an improved s o l u t i o n  i s  found i n  any l i n e  search 

i s  t he re fo re  l i k e l y  t o  be grea ter  i n  the  case o f  the  EGS. 

The resu l t s  o f  our experiment c l e a r l y  showed t h a t  b e t t e r  synthes is  

s o l u t i o n s  were found by the  CCS C9,llJ.  We see t h a t  there  i s  a cost ,  

namely add i t iona l  computing t ime, which must be pa id  i n  order  t o  f i n d  

these b e t t e r  so lu t ions .  This  add i t i ona l  cost  can be quan t i f i ed .  A 

cyc le  o f  t he  CCS i s  expected t o  take between 4 and 6 times as long as an 

i t e r a t i o n  o f  the EGS. 

The analysis descr ibed above addresses the issue of s o l u t i o n  time. 

An ana lys is  o f  t he  q u a l i t y  o f  the  so lu t i ons  found w i t h  these two methods 

i s  descr ibed i n  [ill. Ry comparing the  s o l u t i o n  t imes f o r  m - i t e r a t i o n  

EGS runs and m-cycle CCS runs, we do not  mean t o  imply  t h a t  such runs 

would y i e l d  synthesis so lu t i ons  o f  comparable q u a l i t y .  I n  f a c t ,  we 

would expect the so lu t i ons  found v i a  the  CCS t o  be considerably  b e t t e r  

than those found w i t h  the  EGS [ll]. 
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111, ADDITIONAL EXPERI~KlATIOn YITH THE EXTENDED GRADIENT AM) CYCLIC 
COORDINATE SEARCH ALGoRITHc1s 

I n  our l a s t  i n t e r i m  report  191 and i n  a recent techn ica l  r e p o r t  

[ll], we described an experiment conducted t o  determine which o f  two 

* search methods, an extended gradient search procedure (EGS) o r  a c y c l i c  

coord inate search a1 g o r i  thm (CCS), performs more t e l  i ably  on sate1 1 i t e  

synthes is  problems formulated as non l inear  programs as suggested i n  [6]. 

The o b j e c t i v e  f u n c t i o n  i n  t h i s  fo rmula t ion  seeks t o  maximize t h e  

smal lest  aggregate C/I r a t i o  ca lcu la ted  f o r  any t e s t  p o i n t  i n  

any serv ice  area. We a lso  sought t o  i d e n t i f y  t h e  f a c t o r s  t h a t  a f f e c t  

t h e  performance o f  t h e  search methods most when s o l v i n g  synthes is  

problems. The t e s t  problem we used i n  our experiment consis ted o f  seven 

BSS s a t e l l i t e s ,  each serv ing  a d i f f e r e n t  South American admin is t ra t ion.  

E a r l i e r ,  we had exercised t h e  search methods on a second t e s t  

problem which cons is ts  o f  e igh t  FSS s a t e l l i t e s ,  a l l  serv ing  t h e  Eastern 

U.S. [lo]. We descr ibe another experiment us ing t h i s  second t e s t  

problem i n  t h i s  repor t .  see 

what e f fec ts ,  i f  any, a l low ing  a serv ice  area t o  be served by m u l t i p l e  

s a t e l l i t e s  would have on our conclusions from t h e  f i r s t  experiment. 

Th is  experiment was conducted i n  order  t o  

We inc luded f i v e  f a c t o r s  i n  our experiment. Each f a c t o r  had one o f  

two leve ls ,  a low l e v e l  o r  a high l e v e l ,  i n  each computer run made. The 

f a c t o r s  and f a c t o r  l e v e l s  are l i s t e d  below i n  Table 1. 
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Table 1 

Factor  

A-A1 g o r i  thm 

R-Locat i on Spaci ng 

C-Star t ing  Locations 

0-Arc Length 

E-Run Length 

-------------------- 

Factors and Factor Levels 

0.1' 1 .oo 

centered a t  80' spaced from 100' 

74'-100 ' 60 ' - 100 O 

5 CPU minutes ' o r  10 CPU minutes o r  
10 i t e r a t i o n s  20 i t e r a t i o n s  

Since no cross-polar ized antenna d i s c r i m i n a t i o n  pa t te rns  were known 

t o  us a t  the t ime o f  our experiment, we used co-po la r ized  FSS 

d i s c r i m i n a t i o n  pa t te rns  and assumed a l l  o f  t h e  s a t e l l i t e s  used t h e  same 

frequency f o r  s ignal  t ransmissions. Hence, the re  are no f a c t o r s  d i  r e c t l y  

r e l a t e d  t o  frequency i n  t h i s  experiment. It was determined t h a t  

c o l l o c a t i n g  the s a t e l l i t e s  a t  any l ong i tude  prevented t h e  EGS f rom 

f i n d i n g  improved so lu t ions .  The components o f  t h e  grad ien t  would be the  

same i n  t h i s  case, and t h e  EGS would move t h e  s a t e l l i t e s  t o  t h e  same new 

1 ocat i ons . No separat ion between sate1 1 i t e s  coul d ever be achi  eved w i t h  

t h i s  i n i t i a l  so lu t i on  conf igura t ion .  As a r e s u l t ,  t he  minimum i n i t i a l  

separat ion between s a t e l l i t e s  was se t  a t  0 . l o ,  i ns tead  o f  t he  0' used i n  

our e a r l  i e r  experiment. 

I 
I 
I 
I 
I 
I 
I 
I 
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i 
1 
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The experimental design was a l / Z - f r a c t i o n  of a 25 f a c t o r i a l  design 

[l]. A t o t a l  o f  16 runs were made. Each f a c t o r  was se t  a t  both of i t s  

l e v e l s  i n  e i g h t  o f  t h e  runs. 

The r e s u l t s  o f  t h i s  experiment are almost i d e n t i c a l  t o  those of our 

f i r s t  experiment. The CCS again outperformed t h e  EGS; however, t h e  

magnitude of t h e  d i f f e r e n c e  i n  t h e  average worst aggregate C/I r a t i o s  

f o r  t h e  two methods was about 28 percent smal ler  i n  t h e  second 

experiment. The average worst aggregate C/I r a t i o  a t  any t e s t  p o i n t  i n  

any serv ice  area f o r  t h e  CCS runs was 27.755 dB (range: 24.79 dR t o  

30.39 dB). For t h e  EGS runs, the  average worst aggregate C/I r a t i o  was 

11.9775 dB (range: -7.44 dB t o  25.42 dB). 

The same f a c t o r s  and f a c t o r  combinations t h a t  had t h e  most 

s i g n i f i c a n t  e f f e c t s  on the  performance o f  t h e  search methods i n  t h e  

f i r s t  experiment a lso tended t o  be s i g n i f i c a n t  i n  t h e  second experiment. 

The e i g h t  most s i g n i f i c a n t  e f f e c t s  i n  each o f  t h e  experiments are shown 

i n  Table 2. 
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Table 2 

Sumnary o f  Significant Effects 

Mean 

A1 gor i thm(8)  

Locat ion  Spacing(B) 

A/B 

R/S ta r t i ng  Locations (C) 

A/B/C 

C 

A I C  

Arc Length ( D )  

Frequency Spectrum 

19.87dB 

15.78dR 

8.60dR 

-8.40dR 

5.54dR 

-5.49dR 

-5.45dR 

5.37dR 

0.25dR 

N/fi 

5 

6 

7 

8 

15 

N / A  

30.68dR 

21.91dR 

-4.58dR 

4.58dB 

-4.60dR 

5.35dB 

-1.29dB 

-0.53dR 

7.97dR 

4.26dR 

1 

2 

6 

6 

5 

4 

10 

25 

3 

8 

The main conclus ion t h a t  should be drawn from Table 2 i s  t h a t  t h e  

choice o f  an a lgo r i t hm i s  t h e  most c r i t i c a l  f a c t o r  i n  t h e  successful  

a p p l i c a t i o n  o f  these search methods. From t h e  s t a t i s t i c s  presented on 

on t h e  average worst  C / I  r a t i o s  and t h e  p o s i t i v e  e f f e c t  o f  t h e  a lgo r i t hm 

f a c t o r ,  i t  i s  c l e a r  t h a t  t h e  b e t t e r  cho ce i s  t h e  CCS. 

Table 2 a lso  suggests t h a t  t h e  ho ice  o f  t h e  CCS o f f s e t s  t h e  

l o c a t i o n s  and 

For example, t h e  l o c a t i o n  spacing main e f f e c t  

s i g n i f i c a n t  main e f f e c t s  o f  l o c a t i o n  spacing and s t a r t i n g  

t h e i r  i n t e r a c t i o n  e f f e c t .  

8 
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was 8.60 dB i n  t h e  second experiment and -4.58 dB i n  t h e  f i r s t  

experiment [ll]. The a lgo r i t hm- loca t i on  spacing i n t e r a c t i o n  e f f e c t  was 

-8.40 dB i n  experiment 2 and 4.58 dB i n  experiment 1. The oppos i te  

s igns  on t h e  l o c a t i o n  spacing main e f f e c t s  i n d i c a t e  t h a t  g rea te r  i n i t i a l  

spacing between s a t e l l i t e s  ( l o o 0  versus 0.1') l e d  t o  b e t t e r  f i n a l  

s o l u t i o n s  when t h e  s a t e l l i t e s  were i d e n t i c a l ,  t h a t  i s ,  i n  experiment 2. 

However, i n i t i a l  so lu t i ons  i n  which non iden t i ca l  s a t e l l i t e s  were 

c o l l o c a t e d  (0' versus 1.0') l e d  t o  b e t t e r  f i n a l  so lu t i ons  i n  experiment 

1. 

I n  l i g h t  o f  our  two experiments, we conclude t h a t  t h e  CCS i s  a 

cons iderab ly  more r e l i a b l e  s o l u t i o n  technique f o r  s a t e l l i t e  syn thes is  

problems formulated as suggested i n  C61. As pointed ou t  i n  Sect ion I1 

o f  t h i s  repor t ,  t he  CCS w i l l  r e q u i r e  more s o l u t i o n  t ime than t h e  EGS, 

b u t  t h e  payoff i n  terms o f  s o l u t i o n  q u a l i t y  suggests t h a t  t h e  e x t r a  

s o l u t i o n  t ime may be a worthwhi le investment. 

I V ,  RESULTS FOR INTEGER PROGRAMIN6 SYNTHESIS MODELS AND THE BENDERS' 
DECOMPOSITION APPROACH 

I n  a d i s s e r t a t i o n  [4] t o  be completed soon by a Ph.D. s tudent  

supported by t h i s  grant,  at tempts t o  so lve several s a t e l l i t e  syn thes is  

t e s t  problems, ranging i n  s i z e  from 10 t o  26 s a t e l l i t e s ,  a re  described. 

These synthes is  problems are formulated as mixed i n t e g e r  programs. Each 

problem was solved twice,  once w i t h  t h e  o b j e c t i v e  o f  min imiz ing  t h e  

t o t a l  d e v i a t i o n  between des i red and prescr ibed s a t e l l i t e  l o c a t i o n s  and 

once w i t h  t h e  o b j e c t i v e  o f  min imiz ing  t h e  maximum d e v i a t i o n  f rom a 

des i red  l oca t i on .  I n  most cases, a proven optimal s o l u t i o n  was not  

9 



found by a branch-and-bound a1 g o r i  thm [3] or by Renders' decomposition 

[ 2 3  before  some c r i t e r i o n  fo r  run te rm ina t ion  was met. Feas ib le  

s o l u t i o n s  were i d e n t i f i e d  i n  a l l  bu t  a few cases, however. 

The cos t  o f  so l v ing  l a r g e  s a t e l l i t e  system synthesis problems for  a 

global  optimum by app ly ing  e i t h e r  a branch-and-bound method or Renders' 

decomposition may be p r o h i b i t i v e .  Yet, both approaches have been 

reasonably successful a t  i d e n t i f y i n g  f e a s i b l e  so lu t i ons  t o  our t e s t  

problems. They may s t i l l  have considerable mer i t  when viewed as 

h e u r i s t i c  approaches dedicated t o  f i n d i n g  f e a s i b l e  so lu t ions .  These 

approaches may a1 so be V a l  uabl e when so l  v i  ng small synthesis problems, 

f o r  example, i f  l a rge  synthesis problems are decomposed i n t o  smal ler ,  

eas i  e r - to -so l  ve problems. 

The computational r e s u l t s  f o r  t h e  mixed i n t e g e r  programming and 

Renders' decomposition approaches w i l l  be summarized i n  a for thcoming 

techn ica l  repo r t  [SI. 

V, A PERMUTATION ALGORITHM FOR SATELLITE SYNTHESIS 

I n  t h i s  sect ion,  we b r i e f l y  descr ibe a new h e u r i s t i c  method f o r  

f i n d i n g  so l  u t i  ons t o  sa te l  1 i t e  syn thes is  problems. A more complete 

d e s c r i p t i o n  of t he  method can be found i n  t h e  d i s s e r t a t i o n  by Gonsalvez 

[ 4 1  and i n  a forthcoming techn ica l  repo r t  [S l .  

The new h e u r i s t i c  method i s  a sw i tch ing ,  or permutation, a lgor i thm. 

An i n i t i a l  o rder ing  o f  the s a t e l l i t e s  i s  selected, u s u a l l y  based on the  

s a t e l l i t e s '  assumed des i red  l oca t i ons .  For any given order ing ,  t h e  

s a t e l  1 i t e  synthesis model used w i t h  t h e  Renders ' decomposition approach 

10 
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i s  reduced t o  a l i n e a r  program [4,7]. The l i n e a r  program associated 

w i t h  t h e  se lected order ing i s  solved. Next, a l l  poss ib le  permutations 

of k adjacent s a t e l l i t e s  are sys temat ica l l y  considered. Any 

permutations t h a t  lead t o  imnediately improved so lut ions,  as measured by 

t h e  o b j e c t i v e  funct ion,  are made. The method cont inues u n t i l  no more 

groups o f  k adjacent s a t e l l i t e s  can swi tch p o s i t i o n s  and produce an 

improved so lu t ion .  A t  t h a t  time, t h e  method i s  terminated, o r  k i s  

incremented and t h e  process i s  repeated. 

implemented f o r  k=2, k=3, k=4, k-5, and k i nc reas ing  from 2 t o  5. 

The swi tch ing method has been 

Feasib le  so lu t ions  t o  a l l  o f  our t e s t  problems, i n c l u d i n g  a 

59-sate1 1 i t e  problem based on t h e  OASTS2G1 scenario, have been found 

w i t h  t h e  swi tch ing  method. Larger values of k (k= 4 o r  5) and t h e  

inc reas ing  k seem t o  produce the best r e s u l t s .  Feasib le  s o l u t i o n s  tend 

t o  be found q u i c k l y ;  many improved f e a s i b l e  so lu t ions  are t y p i c a l l y  

found. So lu t ions  known t o  be opt imal were found f o r  some o f  t h e  

problems w i t h  t h e  swi tch ing method. 

The swi tch ing method has a major advantage over the  o ther  s o l u t i o n  

s t r a t e g i e s  s tud ied because location-dependent sate1 1 i t e  separations, 

ins tead o f  constant, conservat ive separations, can be enforced. It i s  

t h e r e f o r e  l e s s  l i k e l y  t h a t  a s o l u t i o n  t h a t  i s  t r u l y  f e a s i b l e  would be 

overlooked simply because of the conservat ive nature o f  t h e  s a t e l l i t e  

separat ions used prev ious ly .  The use of these location-dependent 

separat ions could not  be incorporated i n t o  any of t h e  o ther  i n t e g e r  

programming models we have i n v e s t i g a t e d  w i thout  considerably 

compl i c a t i  ng t h e  model s or  the  so l  u t i  on procedures . 
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So f a r ,  we have used t h e  swi tch ing  method w i t h  t h e  o b j e c t i v e  

funct ions o f  min imiz ing t h e  t o t a l  dev ia t i on  and the  maximium dev ia t i on  

between desired and prescr ibed s a t e l l i t e  loca t ions .  The swi tch ing  

method can be used w i t h  o ther  ob jec t i ve  funct ions because t h e  method 

i t s e l f  does not e x p l o i t  t h e  s t r u c t u r e  o f  t h e  synthes is  models w i t h  the 

o b j e c t i v e  funct ions mentioned above. 

V I .  SYNTHESIS MODELS FOR ARC ALLOTMENT OPTIMIZATION 

t o  a group 

throughout 

"admin is t ra t  

place. Our 

o f  admin is t ra t ions.  

The models f o r  s a t e l l i t e  system synthesis t h a t  we had developed so 

f a r  on t h i s  grant have been p o i n t  assignment models. We have r e c e n t l y  

begun t o  consider a synthes is  model which a l l o t s  a segment o f  t h e  

geostat ionary o r b i t a l  arc t o  each s a t e l l i t e ,  t o  each admin is t ra t ion ,  or 

We w i l l  use t h e  word " s a t e l l i t e "  

t h i s  p resenta t ion  w i t h  t h e  understanding t h a t  

on" or ''group o f  adm n i s t r a t i o n s "  could be used i n  i t s  

arc a1 lotment model a lso  accommodates t h e  deployment of 

m u l t i p l e  s a t e l l i t e s  i n  an a l l o t t e d  arc segment. 

Our mixed i n t e g e r  programming model f o r  t h e  p o i n t  assignment 

problem can be modi f ied so t h a t  arcs can be a l l o t t e d  t o  s a t e l l i t e s .  Ye 

have chosen the maximization o f  t h e  shor tes t  arc  segment a l l o t t e d  t o  any 

s a t e l l i t e  as t h e  o b j e c t i v e  f u n c t i o n  f o r  t h i s  model. The dec is ion  

va r iab les  for s a t e l l i t e  l o c a t i o n s  are no longer  needed because s p e c i f i c  

l oca t i ons  fo r  s a t e l l i t e s  are not  determined. Instead, dec is ion  

va r iab les  for  the  eastern and western l i m i t s  o f  each s a t e l l i t e ' s  

a1 1 o t t e d  arc are i n c l  uded. Parameters f o r  the  sate1 1 i t e s  ' des i  red 
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l o c a t i o n s  are not used i n  our arc a1 lotment model . Rut, t h e  parameters 

p e r t a i n i n g  t o  f e a s i b l e  arc r e s t r i c t i o n s  and minimum requ i red  o r b i t a l  

spacings are used. 

The requi  red s a t e l  1 i t e  separations t h a t  are enforced f o r  p o i n t  

ass i  gnment problems are a1 so enforced i n  arc a1 1 otment probl  ems. Rat her 

than s p e c i f y i n g  a t  l e a s t  how f a r  s a t e l l i t e  l o c a t i o n s  must be removed 

from one another, these requi  red separat ions spec i fy  how f a r  removed t h e  

nearest  p o i n t s  on two a l l o t t e d  arcs must be. 

Some o f  t h e  s a t e l l i t e  separations have t o  be modi f ied i n  t h e  arc 

a1 1 otment problem. If t h e  requi  red sa te l  1 i t e  separat ion f o r  two 

s a t e l l i t e s  i s  O o ,  then t h e  arcs a l l o t t e d  t o  those s a t e l l i t e s  can 

overlap. To a l low f o r  t h i s  p o s s i b i l i t y ,  t h e  zero-valued requi red 

s a t e l l i t e  separat ions are replaced w i t h  l a r g e  (very )  negat ive numbers i n  

t h e  c o n s t r a i n t s  which enforce the  separat ion o f  arcs. I f  t h i s  were not 

done, t h e  arcs a l l o t t e d  t o  s a t e l l i t e s  t h a t  can be co l loca ted  w i thout  

causing excessive in te r fe rence could a t  most have a common endpoint. 

The bas ic  arc  a l lo tment  model can be modi f ied so t h a t  t h e  l e n g t h  o f  

t h e  shor tes t  weighted arc  a l l o t t e d  t o  a s a t e l l i t e  i s  maximized. Then 

t h e  l e n g t h  o f  t h e  arc a l l o t t e d  t o  s a t e l l i t e s  can be based on each 

s a t e l  1 i t e  a d m i n i s t r a t i o n ' s  populat ion o r  a n t i c i p a t e d  communications 

t r a f f i c .  

The work completed so f a r  i n  t h e  area o f  arc  a l lo tments  i s  

summarized i n  a working paper C81. We be l ieve  t h a t  t h e  arc  a l lo tment  

model i s  a good candidate f o r  the  a p p l i c a t i o n  o f  t h e  swi tch ing h e u r i s t i c  

[4,5]. A model f o r  the arc a l lo tment  problem t h a t  i s  amenable t o  

so l  u t i  on by Benders ' decomposi t i on has a1 so been formul ated . 
13 



VII. PLANS FOR THE NEXT INTERIM 

Our plans f o r  the  i n t e r i m  from 12 Ju l y  1986 t o  11 tlanuary 1987 are 

focused i n  t w o  areas r e l a t e d  t o  FSS system synthesis. F i r s t ,  we p lan  t o  

study t h e  minimum requ i red  s a t e l l i t e  separat ion concept i n  g rea ter  

depth. Our cur ren t  separat ion c a l c u l a t i o n  assumes a l l  s a t e l l i t e s  a re  

i d e n t i c a l ,  a l l  antenna beams are e l l i p t i c a l ,  and each s a t e l l i t e  

t ransmi t s  s igna ls  a t  one frequency. Furthermore, we inc lude  on ly  the  

down-link i n  our ca lcu la t ions .  We p lan  t o  i n v e s t i g a t e  how the  requ i red  

s a t e l l i t e  separation c a l c u l a t i o n  might change i f  the  up - l i nk  i s  inc luded 

and i f  the re  are nonhomogeneous s a t e l l i t e  systems, shaped antenna beams, 

and transmissions a t  m u l t i p l e  frequencies. 

We a l so  plan t o  cont inue our i n v e s t i g a t i o n  i n t o  a l t e r n a t e  models 

and s o l u t i o n  techniques fo r  s a t e l l i t e  synthesis. We are s tudy ing  a 

v a r i e t y  o f  ob jec t i ve  func t ions  fo r  p o i n t  assignment synthesis models. A 

model f o r  the  a l lo tment  o f  o r b i t a l  a rc  segments has heen formulated. We 

w i l l  attempt t o  determine i f  any of the candidate models have 

advantages, p r i m a r i l y  computational advantages, over the  others. The 

p o t e n t i a l  a p p l i c a b i l i t y  of t he  sw i t ch ing  h e u r i s t i c  t o  o the r  s a t e l l i t e  

syn thes is  models w i l l  be inves t iga ted ,  

Should the need a r i s e  t o  s h i f t  our a t t e n t i o n  t o  problems of g rea ter  

immediate importance, as determined by NASA, we w i l l  r e d i r e c t  our 

e f f o r t s  accordingly. 

I 
I 
I 
I 
I 
I 

I 
I 

14 



I 
I 
I 
l 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 

REFEREWES 

[l] Anderson, V. and R. McLean, DESIGN OF EXPERIMENTS -A REALISTIC 
APPROACH, Marcel Dekker, Inc., New York, 1974. 

[2] Benders, J., " P a r t i t i o n i n g  procedures f o r  So lv ing  Mixed-Variables 
Programing Problems", NUMERISCHE MATHEMATIK, vo l  . 4, pp. 238-252, 
1962. 

[3] Gar f inke l ,  R. and G. Nemhauser, INTEGER PROGRAMMING, John Wiley 
and Sons, 1972. 

[43 Gonsalvez, D., "On Orb i ta l  A l lo tments f o r  Geostat ionary 
S a t e l l i t e s " ,  Ph.0. D isser ta t ion ,  The Ohio Sta te  U n i v e r i t y ,  
December, 1986. 

[5] Gonsalvez, D., C. R e i l l y ,  and C. Mount-Campbell , "On O r b i t a l  
A1 1 otments f o r  Geostationary Satel  1 i t e s "  , Technical Report f o r  
Grant NAG 3-159, forthcoming. 

[6] Levis,  C., C. Mart in,  D. Gonsalvez, and C. Wang, "Engineer ing 
Cal cu l  a t  ions  f o r  Communications Satel  1 i t e  Systems P1 anni ngl' , The 
Ohio Sta te  Un ivers i ty ,  ElectroScience Laboratory, I n t e r i m  Report 
713533-3 f o r  Grant NAG 3-159, June 1983. 

[7] Mount-Campbell , C., C. Re i l l y ,  and 0. Gonsalvez, "A Mixed In tege r  
L inear  Programming Formulation f o r  t he  FSS Synthesis Problem Using 
Minimum Required Pair-Wise Separations", The Ohio State 
Un ive rs i t y ,  Department o f  I n d u s t r i a l  and Systems Engineering, 
Working Paper 1986-006. 

Al lo tment  Opt imizat ion",  The Ohio Sta te  Un ive rs i t y ,  Department o f  
I n d u s t r i  a1 and Systems Engi n-eer i  ng , Working Paper 1986-016. 

[8] R e i l l y ,  C., "A S a t e l l i t e  System Synthesis Model f o r  O r b i t a l  Arc 

[9] R e i l l y ,  C., 0. Ruyukdura, C. Levis,  and C. Mount-Campbell, 
"Engineer ing Ca lcu la t ions  f o r  Communications S a t e l l i t e  Systems 
P1 anni ng'l , The Ohio State Uni v e r s i  t y  , Elec t  roSci  ence Laboratory,  
I n t e r i m  Report 716548-5 f o r  Grant NAG 3-159. 

[lo1 R e i l l y ,  C., C. Levis,  C, Mount-Campbell, 0. Gonsalvez, C. Wang, 
and Y . Yamamura, "Engi neeri ng Cal c u l  a t i  ons f o r  Communi ca t1  ons 
S a t e l l i t e  Systems Planning", The Ohio State Un ive rs i t y ,  
ElectroScience Laboratory, I n t e r i m  Report 716548-2 f o r  Grant 
NAG3- 159 . 

15 



[ll] R e i l l y ,  C., C. Mount-Campbell, D. Gonsalvez, C. Mar t in ,  C. Levis, 
and C. Wang, "Broadcasting S a t e l l i t e  Service Synthesis Using 
Gradient and C y c l i c  Coordinate Search Procedures", The nh io  State 
IJni vers i  t y  , E lec t  roSci  ence Laboratory, Techni ca l  Report 716548-4 
for G r a n t  NAG 3-159, February 1986. 

16 

u 
D 
I 
I 
I 
B 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


